Monolithic perovskite/silicon tandem solar cells show great promise for further efficiency enhancement for current silicon photovoltaic technology. In general, an interface (tunnelling or recombination) layer is usually required for electrical contact between the top and the bottom cells, which incurs higher fabrication costs and parasitic absorption. Most of the monolithic perovskite/Si tandem cells demonstrated use a hetero-junction silicon (Si) solar cell as the bottom cell, on small areas only. This work is the first to successfully integrate a low temperature processed (r150 1C) planar CH 3 NH 3 PbI 3 perovskite solar cell on a homo-junction silicon solar cell to achieve a monolithic tandem without the use of an additional interface layer on large areas (4 and 16 cm 2 ).
Large area efficient interface layer free monolithic perovskite/homo-junction-silicon tandem solar cell with over 20% efficiency † Monolithic perovskite/silicon tandem solar cells show great promise for further efficiency enhancement for current silicon photovoltaic technology. In general, an interface (tunnelling or recombination) layer is usually required for electrical contact between the top and the bottom cells, which incurs higher fabrication costs and parasitic absorption. Most of the monolithic perovskite/Si tandem cells demonstrated use a hetero-junction silicon (Si) solar cell as the bottom cell, on small areas only. This work is the first to successfully integrate a low temperature processed (r150 1C) planar CH 3 NH 3 PbI 3 perovskite solar cell on a homo-junction silicon solar cell to achieve a monolithic tandem without the use of an additional interface layer on large areas (4 and 16 cm 2 ).
Solution processed SnO 2 has been effective in providing dual functions in the monolithic tandem, serving as an ETL for the perovskite cell and as a recombination contact with the n-type silicon homo-junction solar cell that has a boron doped p-type (p++) front emitter. The SnO 2 /p++ Si interface is characterised in this work and the dominant transport mechanism is simulated using Sentaurus technology computer-aided design (TCAD)
modelling. The champion device on 4 cm 2 achieves a power conversion efficiency (PCE) of 21.0% under reverse-scanning with a V OC of 1.68 V, a J SC of 16.1 mA cm À2 and a high FF of 78% yielding a steady-state efficiency of 20.5%. As our monolithic tandem device does not rely on the SnO 2 for lateral conduction, which is managed by the p++ emitter, up scaling to large areas becomes relatively straightforward. On a large area of 16 cm 2 , a reverse scan PCE of 17.6% and a steady-state PCE of 17.1% are achieved. To our knowledge, these are the most efficient perovskite/homo-junction-silicon tandem solar cells that are larger than 1 cm 2 . Most importantly, our results demonstrate for the first time that monolithic perovskite/silicon tandem solar cells can be achieved with excellent performance without the need for an additional interface layer. This work is relevant to the commercialisation of efficient large-area perovskite/homo-junction silicon tandem solar cells.
Broader context
A simple approach for integrating a perovskite solar cell monolithically onto a Si solar cell is reported here. The first advantage of this approach is that it does not require additional fabrication of an additional interface layer between the perovskite and Si cell. The second advantage of this approach is that it is compatible with a homo-junction p-n Si solar cell, which is a common Si solar cell structure for commercial cells. The third advantage is that the entire sequence for the planar perovskite cell fabrication is done at low temperatures, minimising damage to the bottom Si solar cell. The fourth advantage is that the SnO 2 electron transport layer of the perovskite top cell also serves as a recombination contact with the silicon bottom cell. Finally, this monolithic tandem approach does not rely on the SnO 2 for lateral conduction, which is managed by the p++ emitter, making upscaling to large areas relatively straightforward. The SnO 2 /p++ interface is characterised and modelled in this work to explain the dominant transport mechanism. Pathways to improve the optical performance of the tandem are simulated and demonstrated. The outlook to achieve a 30% efficient monolithic perovskite/ silicon tandem is also presented. With regards to cell demonstrations, a stabilized efficiency at 20.5% has been achieved on 4 cm 2 and a stabilized efficiency at 17.1% is achieved on an even larger area of 16 cm 2 . To our knowledge, these are the most efficient monolithic perovskite/silicon-homojunction tandem solar cells larger than 1 cm 2 reported. This unique tandem design presented in this work paves a way for commercially relevant, low cost, efficient, large-area perovskite/homo-junction Si tandems.
Introduction
Organic-inorganic hybrid perovskite solar cells (PSCs) have superior optical absorption and their ease of fabrication has attracted great attention resulting in a rapid improvement in power conversion efficiency (PCE) from 3.8% to certified 22.7% in a few years. [1] [2] [3] In particular, organic-inorganic hybrid perovskites are suitable for tandem solar cells due to a wide allowable bandgap range achievable via compositional engineering. 4 The integration of perovskite and Si solar cells for double junction tandems can overcome the Shockley-Queisser limit for single junction solar cells at B33% 5 to above 40%. 6 Recently, many demonstrations of perovskite/silicon tandem solar cells have been reported. 17 This work uses mesoscopic perovskite top cells and requires high temperature processes for the compact and mesoporous TiO 2 layers. The high thermal budget incurs higher manufacturing costs and compromises the quality of the underlying layers. Therefore, a perovskite cell structure that allows low temperature processes is preferred to increase the prospect of commercialisation. To date, an additional interface layer is required for all demonstrated monolithically integrated perovskite/silicon tandems for electrical connection between the top and the bottom cells. 7, [15] [16] [17] [18] [19] [20] [21] [22] The interface layer can either be a band-to-band tunnelling junction such as additional heavy doped silicon tunnelling or nanocrystal silicon tunnelling, 15, 20 or a recombination layer using a transparent conductive oxide (TCO) electrode 7, [16] [17] [18] [19] 21, 22 with the latter most commonly used. In this work, we demonstrated for the first time a monolithic planar-perovskite/homo-junction silicon tandem without the additional step of fabricating an interface layer. Solutionprocessed SnO 2 in a planar low-temperature-processed (r150 1C) CH 3 NH 3 PbI 3 (MAPbI 3 ) perovskite provides dual functions in a monolithic tandem, (i) an electron transport layer (ETL) for the perovkstie top cell and (ii) recombination contact with the p++ Si. This provides a good vertical conduction between the top and bottom cells while localising any shunting effects from imperfections in the perovskite cell due to the lack of lateral conduction in the SnO 2 layer. As the lateral conduction is managed by the front p++ emitter in the Si cell, up-scaling to large areas is not limited by the SnO 2 layer, making it relatively straightforward to demonstrate large area devices. The 
Approach
Rationale behind the tandem device design
For the demonstration of an interface-layer-free monolithic perovskite/silicon tandem as shown in Fig. 1 , the most commonly used perovskite cell structure and a p-n junction solar cell are chosen. The p-n Si cell has a rear localised contact design commonly used for PERL, 25 PERT 25 or PERC 26, 27 Si solar cells. The PERC solar cell is becoming the design of choice for commercial Si solar cells 28 due to the better long wavelength response provided by the passivation of the rear of the cell where there is no metal contact and its compatibility with the existing commercial p-n junction Si cell manufacturing sequence. The same localised contacting strategy is employed in our Si cell, which consists of an n-type Si wafer and a rear high-low junction (phosphorous diffused layer) and thermally grown and annealed SiO 2 . Localized openings in the SiO 2 are created for metal contacts via a metal stack of Ti/Pd/Ag. The p-n homo-junction on the front is formed by highly-doped boron diffusion. With regards to the top perovskite cell structure, although theoretically a band gap near 1.7 eV has been recommended in the absence of any optical loss, 29, 30 parasitic absorption of short wavelengths exists in the hole transport materials (HTM) commonly used in state of the art solar cells 4, 7, 9, 16, 31 such as poly[bis(4-phenyl)(2,5,6-trimethylphenyl)]amine (PTAA), 4,9 and 2,2 0 ,7,7 0 -tetrakis(N,N-di-pmethoxyphenylamine)-9,9-spirobifluorene (spiro-OMeTAD). 4, 31 Parasitic absorption of short wavelength light also exists in the ITO/MoO 3 stack, which is also the most commonly used transparent conductive stack for the top of the semi-transparent perovskite in a tandem. 17, 32 The thin MoO 3 protects the perovskite cell from sputter damage from the deposition of ITO, which is responsible for electrical conduction. Absorption in the ITO/MoO 3 /HTM stack hinders the effectiveness of the use of the high bandgap perovskite. In addition, the higher voltage output expected from higher bandgap perovskite materials is yet to emerge. In fact, a recent study by Hörantner et al. 33 simulating the energy yield of a perovskite/Si tandem has recommended the use of a slightly lower bandgap (1.65 eV) material for the 2-terminal tandem. Energy yield calculations for 3 locations (Golden, Mohave and Seattle in the US) for stationary, 1-axis and 2-axis tracking systems all concluded that the use of a 1.6 eV material as the absorber for the top cell would only reduce the annual energy yield by 2-3% from the maximum achievable. Given the reasons above, MAPbI 3 is chosen as the perovskite light harvesting material for the top cell in our tandem demonstration. In addition, in order to show the effectiveness of the interfacefree layer design for large areas, the minimum area for tandem cell demonstration is 4 cm 2 in this work. A schematic of the interface-layer-free perovskite/silicon-homojunction solar cells is shown in Fig. 1 and details of fabrication of the top and bottom cells are given in the Experimental section.
Initial optimization
To determine the optimum thickness of the SnO 2 layer, an opaque cell structure of Au//spiro-OMeTAD/MAPbI 3 /SnO 2 /ITO glass is used. SnO 2 at 9 nm, 15 nm and 28 nm has been trialled.
The distributions of PCE, FF, J SC , V OC and R S are summarized in Fig. S1a -e (ESI †). At the optimized thickness of 15 nm, the PCE of the best performing cell is at 18.0% due to a better FF and high V OC (the J-V curve is shown in Fig. S1f , ESI †). The better reproducibility associated with 15 nm thick SnO 2 (Fig. S1a, ESI †) could be due to better uniformity resulting in a narrower FF distribution compared to the 9 nm SnO 2 case. When the SnO 2 is too thick, (e.g., at 28 nm), V OC , J SC , FF and R S deteriorate due to poor conductivity. For the purpose of optimizing the MAPbI 3 cell for current matching with the bottom silicon cell in the monolithic tandem, the thickness of MAPbI 3 is allowed to range from 260 nm to 470 nm while the thickness of spiro-OMeTAD is fixed at B200 nm. The MAPbI 3 layer in this work is fabricated using a two-step method (see the Experimental section for details) and the band gap is confirmed to be 1.58 eV (see 
Tandem interface investigation
To investigate the transport mechanism at the SnO 2 /p++ Si interface and the effect of p++ doping on the SnO 2 /p++ Si interface, Sentaurus technology computer-aided design (TCAD) modelling is carried out. Details regarding the TCAD simulation are given in the Experimental section while parameters are listed in Table 1 . It is important to mention that, in order to obtain good wettability for the silicon surface, an ultra-violet ozone (UVO) treatment for the silicon substrate is performed before SnO 2 deposition resulting in the formation of an unavoidable native SiO 2 layer (B1.5 nm measured by ellipsometry). The stoichiometry 
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is confirmed by X-ray photoelectron spectroscopy (XPS) measurements (results shown in Fig. S6 , ESI †). Therefore, this native SiO 2 layer is also included in our model. Fig. 3a shows the results of the simulated dark J-V curves of the SnO 2 /p++ Si interface and as a function of p++ doping concentration. The J-V characteristics follow a diode behaviour. The inset of Fig. 3a shows the band diagram with the existence of a barrier due to the existence of the native oxide formed by the UVO treatment of the p++ silicon before the deposition of SnO 2 . Although the height of the barrier is substantial (2 eV), the oxide is thin enough to allow current transport via tunnelling. To verify this, the dark J-V of a test structure illustrated in the inset of Fig. 3b . An ohmic contact is formed on the rear of the test structure via a sintered Ti/Pd/Ag stack. Silver (80 nm) was then deposited on the front followed by dark current density-voltage ( J-V) measurement. As shown in Fig. 3b , the measured dark J-V curve verifies the transport mechanism due to the good agreement between the modelled and measured J-V curves.
In the previous section, p++ with a doping concentration of 1 Â 10 19 cm À3 was used for the front emitter of the Si cell.
However, results of the modelling indicate that a doping concentration of 5 Â 10 19 cm À3 results in improved J-V characteristics due to enhanced interface recombination for current transport. , the Si surface is inverted and holes are the minority carriers at the surface. As excess carriers are injected, the interface recombination is limited by holes. As the p++ doping increases, the interface recombination increases as well. However, if the p++ doping increases further above 5 Â 10 19 cm
À3
, the Si surface is no longer inverted and electrons are the minority carriers at the Si surface. A heavier p++ doping, e.g. 1 Â 10 20 cm
, will further repel electrons from the Si surface, resulting in suppressed interface recombination and deteriorating J-V characteristics.
Effect of emitter doping on the Si bottom cell
In the previous section, tandem cells 
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identical to the ones shown in Fig. 1 except a Ag grid as a front contact is deposited on top of the p++ emitter. Cells with heavier doping have higher J SC , V OC , and FF due to reduced surface recombination caused by the better passivation provided by the heavier p++ doping. The FF is also improved due to the lower contact resistance provided by the heavier p++ contact. This results in better PCE as observed. Therefore it is anticipated that tandem cells using Si bottom cells with the heavier p++ emitter will benefit from (i) better performance from the Si bottom cell and (ii) better interface transport as predicted by the TCAD simulation.
Further optimization
It has been demonstrated that a textured anti-reflection (AR) foil featuring pyramidal features enhances the light harvesting ability of monolithic silicon/perovskite tandem devices 17, 22 due to the enhanced anti-reflection from the front and enhanced light trapping in the Si cell. Other work has shown that texturing that replicates the surface of a rose petal has even better anti-reflection properties. 42, 43 Therefore, we fabricated polydimethylsiloxane (PDMS)
AR foil using a rose petal as a mould as shown in Fig. S8 (ESI †). The PDMS AR foil was then applied on the front of the tandem cell as illustrated in Fig. 5a . Fig. 5b shows the SEM cross sectional image of the cell with optimized thicknesses (SnO 2 B 15 nm, MAPbI 3 B 380 nm, spiro-OMeTAD B 200 nm, MoO 3 B 18 nm, and ITO B 100 nm). Fig. 6a shows the J-V results of the tandem cell that uses the lightly doped p++ emitter for the Si bottom cell before and after the application of the AR foil. A dramatic increase in J SC by 1.9 mA cm À2 absolute can be seen in the measured J-V curve. As shown in Fig. 6b , the measured EQEs show improvements in current outputs from both the top and bottom cells due to enhanced front anti-reflection and enhanced light trapping in the bottom cell. The improvement in enhanced anti-reflection can be seen in the measured reflectance shown in Fig. 6c . Not only has the reflection been reduced, the interference effect that is manifested in large fluctuations in the reflection curve has been reduced as a result of applying the AR foil. In addition, light absorption between 400 nm and 800 nm is enhanced in the perovskite top cell and light 
View Article Online
absorption between 900 nm and 1000 nm is enhanced in the Si bottom cell. The short wavelength enhancement is due to better antireflection from the texturing and better refractive index matching provided by the PDMS. The long wavelength enhancement is due to the enhanced optical pathlength in the Si cell due to light trapping. The lack of improvement in absorption between 800 nm and 900 nm in the total EQE shown in Fig. 6d is due to negligible improvement in antireflection as seen in Fig. 6c . Nevertheless, the effectiveness of the AR foil that replicates the surface of a rose petal is demonstrated in the optical and electrical results of the perovskite/silicon tandem solar cell with improved performance.
Finally, the PDMS foil is applied on a 4 cm 2 tandem cell with an optimised p++ Si/SnO 2 interface by using a heavier p++ front diffusion (5 Â 10 19 cm À3 doping concentration) for the Si bottom cell. As shown in Fig. 7a , the PCE of the monolithic tandem cell increased from 18.4% to 21.0%. V OC under reverse scanning also improved by B100 mV to 1.68 V. J SC and FF also contributed to the PCE improvement with values of 16.1 mA cm
À2
and 78%, respectively. For comparison, the J-V curve (under reverse scanning) of same cell without an AR foil is shown in Fig. S9 (ESI †).
The steady state PCE is 20.5% (inset of Fig. 7a ). It is important to note that the FF of 0.78 achieved in this work is the highest FF 
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achieved of all demonstrated monolithic perovskite/silicon tandem devices larger than 1 cm 2 to our knowledge (see Table S1 , ESI, † which summarises results of demonstrated monolithic perovskite/ silicon tandems to date). The EQE of the tandem device also improved due to reduced recombination as a result of better carrier transport between the cells from the improved p++/SnO 2 interface. 19 Parasitic absorption and recombination losses as represented by the grey area in Fig. 7b , that is, the area between the EQE of the tandem (black) and the 1-reflectance curve (green), are significant. Therefore an optical loss analysis was performed using SunSolvet ray tracing from PVLighthouse. 34 The simulated EQE and 1-R for the demonstrated cell are shown in Fig. S10 (ESI †). While close agreement can be achieved between the modelled and measured 1-R curves, the measured EQE is lower than the simulated EQE in the wavelength ranges: 580-790 nm and 1000-1200 nm. The grey area highlighted is due to recombination losses in the demonstrated top and bottom cells that cannot be accounted for by the SunSolvet ray tracer. The differences between the modelled EQE and measured EQE in these two regions account for approximately 0. ) followed by losses in spiro-OMeTAD (1.9 mA cm
Demonstration of a large area tandem

À2
) and in ITO (1.0 mA cm
). As the use of the PDMS foil is still at an early stage, the thickness of the PDMS foil is not optimised. The 2 mm thick foil is highly absorptive in the whole wavelength range concerned. Fig. S12 (ESI †) shows the measured transmittance of a planar thin (0.3 mm) and thick (2.0 mm) PDMS layer. Note there is a constant reduction in broad-band absorption and a dramatic reduction in short and long wavelength absorption from the use of a thinner PDMS layer. The losses in the ITO/MoO 3 /spiro-OMeTAD stack are mainly in the short wavelength range (300 nm to 420 nm). This loss can be Table S2 (ESI †) lists the thicknesses optimised for each layer to achieve current matching. The improvement in J SC is due to the elimination of parasitic absorption in the short wavelength range by replacing the MoO 3 /spiro-OMeTAD stack with NiO x , and a reduction in broad-band absorption by thinning of the AR foil. It is anticipated that rear texturing for the Si cell will also improve the optical performance for the tandem compared to the current design which uses planar Si bottom cells. The use of a thicker Si wafer (increasing the thickness from the current 300 mm to 450 mm in the future) will capitalize on the long lifetime of the wafer with good light trapping. To improve the overall V OC , a mixed cation mixed halide perovskite can be used to replace MAPbI 3 used in this work, potentially increasing V OC from the current 1.1 V to 1.2 V as 1.24 V has been achieved with a 1.62 eV band gap perovskite solar cell. 48 With regards to further optimization of the SnO 2 /p++ Si interface, a TCAD simulation is performed for the case where the native SiO 2 tunnel oxide is absent. The same assumptions (e.g., the same parameters from Table 1 ) are used. The simulated dark J-V curves are shown in Fig. S14 (ESI †) . When a thin native SiO 2 barrier is present in the present cells (Fig. 3) , current transport via recombination is limited by the number of holes at the surface of SnO 2 and the number of electrons at the surface of p++ Si. If the SiO 2 barrier is removed (Fig. S14 , ESI †), current transport will be enhanced due to enhanced recombination encouraging electron flow to p++ Si and hole transport to SnO 2 . By comparing the dark J-V curves between is effectively halved at the same current level. It may be possible to replace the UVO treatment with an oxygen plasma treatment of the Si surface to achieve a hydrophilic wettable surface for SnO 2 deposition without the formation of a barrier oxide layer but only a monolayer of oxide. 49 An added advantage of a plasma treatment is the resultant defective surface 50 that aids the surface recombination for carrier transport between Si and SnO 2 . To achieve a tandem efficiency of 30%, J SC 4 20 mA cm À2 , V OC 4 1.8 V and FF 4 0.8 (requiring R S o 2 O cm 2 ) will be required. For a large area device, series resistance loss from the front Ag grid will need to be minimised warranting new designs.
Conclusions
In summary, we have developed a new monolithic perovskite/ silicon-homo-junction tandem device structure without fabrication of an extra interface layer. This simple but effective structure uses a homo-junction silicon solar cell as the bottom cell, a planar CH 3 NH 3 PbI 3 perovskite solar cell as the top cell ) was formed on the front and was well defined to define the active area. The metal contact on the rear consists of Ti/Pd/Ag. The rest of the non-contacted rear was passivated by thermally grown and annealed SiO 2 . 25 These polished silicon solar cells with an un-passivated p++ front were then directly used as a substrate for the fabrication of the top perovskite cell. To complete full tandem fabrication, the polished silicon solar cells were treated with a UVO cleaner for 6 min before SnO 2 deposition. The SnO 2 colloidal precursor (Alfa Aesar, tin(IV) oxide, 15% in H 2 O colloidal dispersion) was diluted with H 2 O to 3.75%. Then, the diluted SnO 2 colloidal precursor was directly spin coated on the front of the silicon solar cells at 3000 rpm for 30 s, followed by baking on a hotplate at 150 1C for 30 min in air to form a compact SnO 2 ETL. After cooling down, the SnO 2 coated silicon substrates were directly transferred to a N 2 filled glovebox for the fabrication of the MAPbI 3 absorber using a two-step method. Different concentrations of PbI 2 precursor were prepared by dissolving PbI 2 powder (Alfa Aesar) of different weight (461 mg, 553 mg and 737 mg) in 1 mL dimethylformamide (DMF) (SigmaAldrich) with excess dimethyl sulfoxide (DMSO) (Sigma-Aldrich, 71 mL, 82 mL and 114 mL) which was then spin coated on the SnO 2 coated silicon cell at 3000 rpm for 30 s. The MAI precursor (Greatcell Soalr) (dissolved in isopropyl alcohol (Sigma-Aldrich) at 40 mg mL
À1
; 50 mg mL À1 ; or 68 mg mL
) was then spincoated at 3000 rpm for 30 s. The samples were dried at 100 1C for 10 min producing dark brown dense MAPbI 3 films with different thicknesses depending on the concentrations of precursors used.
For the deposition of the hole transport material (HTM), the 2,2 0 ,7,7 0 -tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spirobifluorene (spiro-OMeTAD, Lumtec) precursor was firstly prepared by dissolving 72.3 mg spiro-OMeTAD, 28.8 mL 4-tert-butylpyridine (Sigma-Aldrich), and 17.5 mL lithium bis(trifluoromethylsulphonyl)imide (Sigma-Aldrich) solution (520 mg mL À1 in acetonitrile (Sigma-Aldrich)) and 8 mL FK209-cobalt(III)-TFSI (Lumtec) solution (300 mg FK209-cobalt(III)-TFSI in 1 ml of acetonitrile) in 1 mL chlorobenzene (Sigma-Aldrich). The spiroOMeTAD precursor was then deposited onto MAPbI 3 by spincoating at 3500 rpm for 30 s. For the front transparent electrode, 18 nm MoO 3 (SigmaAldrich) was deposited on the spiro-OMeTAD by thermal evaporation at a rate of 0.7 Å s À1 under vacuum at 1 Â 10 À5 mTorr to protect the spiro-OMeTAD layer from sputtering damage during the deposition of indium tin oxide (ITO). 22 The transparent contact was then fabricated by sputtering 100 nm ITO on the MoO x layer with 30 W RF power with Ar at 1.5 mTorr for 150 min using an AJA International sputtering system. A metal frame of silver was deposited by thermal evaporation to a thickness of 200 nm defining the active area of the cell. Finally, the front of the cell is covered by a textured polydimethylsiloxane (PDMS) foil for light trapping and antireflection (AR), see Fig. S8 (ESI †).
Measurements
The depth dependent doping profiles of the p++ emitter of half silicon cells were measured using an electrochemical capacitancevoltage (ECV, CVP21, WEP) analyzer, calibrated using r sh to account for the surface roughness.
51
X-ray photoelectron spectroscopy (XPS) was carried out using an ESCALAB250Xi, Thermo Scientific, UK.
The current density-voltage ( J-V) measurements of tandem devices were performed using a solar cell J-V testing system from Abet Technologies, Inc. (using a class AAA solar simulator) under an illumination power of 100 mW cm 
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The external quantum efficiency (EQE) measurement was carried out using the PV Measurement QXE7 Spectral Response system with monochromatic light from a xenon arc lamp. The EQE response was calibrated using two certified reference cells for the 300-1000 nm and 1000-1400 nm wavelength regions, respectively. A blue LED light (450 nm) and a near-infrared lamp were used to saturate the top and the bottom cell for the EQE measurement of the bottom silicon cell and the top perovskite cell, respectively.
The steady state photoluminescence (PL) measurements were made with an Andor iVac CCD detector (the detector temperature is À60 1C). The excitation wavelength of the CW laser was 409 nm and the signal was collected using a 0.2 second exposure time.
Top view and cross-sectional scanning electron microscopy (SEM) images were obtained using a field emission SEM (NanoSEM 230). The optical reflection and transmission spectra were measured using a Perkin Elmer Lambda1050 UV/vis/ NIR spectrophotometer. All measurements were undertaken at room temperature in ambient conditions.
Optical simulations
The optical simulations of the perovskite/silicon tandem solar cell were performed using SunSolvet ray tracing from PVLighthouse. 34 Optically, silicon was treated to be bulk and non-coherent in the simulation. The simulation package does not allow for carrier recombination input. Therefore 100% internal quantum efficiency is assumed for both the top and bottom cells. The optical values (n, k) of SnO 2 , the perovskite, spiro-MeOTAD, MoO 3 and ITO were all extracted from spectral ellipsometry measurements (JA Woollam Inc.) and fitted by WVASE s software. Other optical values (n, k) of PDMS, Ag and NiO x are obtained from PVLighthouse. 34 
Electrical simulations
A commercial software package, Sentaurus technology computeraided design (TCAD), 52 was used to investigate the carrier transport mechanism between SnO 2 and Si. The simulator solves Poisson, drift-diffusion and carrier conservation equations numerically until self-consistency is reached. The heterojunction was modelled with a similar approach to ref. 53 . For Si, state-of-the-art models highlighted by Altermatt 54 and the latest Auger model 54 were applied in the simulation to accurately predict silicon characteristics. For SnO 2 , the key material parameters are determined from various papers [35] [36] [37] [38] [39] [40] as listed in Table 1 . Several essential models are employed to compute carrier transport including Fermi statistics, and Shockley-Reed-Hall models. 55, 56 Due to the bandgap discontinuity at the hetero-interface, the thermionic emission model is applied to compute the current density and energy flux density across the interface. With the presence of silicon oxide between SnO 2 and Si, the tunnelling mechanism is enabled with the same approach delineated in ref. 41 .
